We present the first complete map of the Haemophilus influenzae genome, consisting of a detailed restriction map with a number of genetic loci. All of the ApaI, SmaI, and RsrII restriction sites (total of 45 sites) were mapped by Southern blot hybridization analysis of fragments separated by pulsed-field gel electrophoresis. Cloned genes were placed on the restriction map by Southern hybridization, and antibiotic resistance loci were also located by transformation with purified restriction fragments. The attachment site of the HP1 prophage was mapped. In addition, the number, locations, and orientations of the six rRNA operons in the H. influenzae chromosome were determined. The positions of conserved restriction sites in these rrn operons confirm that the direction of transcription is 16S to 23S, as in most other bacteria. The widely used strain BC200 appears to contain an unexpected 45-kilobase duplication.
A major impediment to genetic analysis of the bacterium Haemophilus influenzae Rd has been the lack of a good genetic map. Although several partial genetic maps have been constructed by using cotransformation frequencies, they include only a small number of markers (about eight antibiotic resistances, an equal number of auxotrophic markers, and a few loci involved in recombination and DNA repair), and the maps are not without discrepancies (19, 34, 45) . Progress in mapping has been impaired for two principal reasons. The first problem is the lack of genetic markers suitable for mapping. H. influenzae is a fastidious microorganism with many growth requirements; as a result, nutritional mutants cannot easily be isolated and characterized. The second problem is that conjugational and transductional mapping, so useful for Escherichia coli and Salmonella typhimurium genetics, has not been well developed for H. influenzae. spp. The natural transformation system of H. influenzae is efficient for mapping closely linked markers, but it is not suitable for large-scale mapping, and cotransformation frequencies depend on the fragment size of the DNA preparation used. Therefore, although a number of genes from H. influenzae have been identified and some have been cloned (see Table 3 for a partial list), it has not been possible to develop ideas about the overall genetic organization of this bacterium.
However, within the last few years the development of pulsed-field gel electrophoresis (42) has allowed very large DNA fragments to be separated and physical maps of several bacterial genomes to be constructed (4, 12, 44, 50) . Here we present a detailed physical map of the H. influenzae Rd genome, constructed by Southern blot analysis of restriction fragments separated in pulsed-field gels.
MATERIALS AND METHODS
Strains and culture conditions. The H. influenzae strains used are listed in Table 1 . Cells were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with hemin (10 ,ug/ml) and NAD (2 ,ug/ml) (sBHI) with gentle shaking at 37°C or on sBHI plates containing 1.5% agar. Cells were made competent by the MIV procedure of Herriott et al. (20) . Antibiotics were used in plates at DNA preparation and restriction digests. Preparation and restriction of high-molecular-weight genomic DNA embedded in agarose have been described by Lee and Smith (27) . Conventional DNA preparation was done by the method of Maniatis et al. (31) , omitting the lysozyme digestion. RsrII was purchased from New England BioLabs (Beverly, Mass.) and used as recommended by the supplier.
Isolation and labeling of rRNA. Strain KW22 was grown in 250 ml of sBHI to an optical density at 650 nm of 0.3. Cells were pelleted at 5,000 x g for 15 min at 4°C and suspended in 5 ml of 30 mM Tris (pH 8.0)-20 mM EDTA-100 mM NaCl. Sodium dodecyl sulfate and proteinase K were added to concentrations of 1% and 100 pug/ml, respectively, and the suspension was incubated at 37°C for 1 h. After extraction with phenol and phenol-chloroform (1:1), samples were electrophoresed in a 1% low-melting-point agarose gel (SeaPlaque). The gel was stained with ethidium bromide, and the distinct 16S and 23S rRNA bands were excised. 32P-labeled cDNAs to these RNAs were synthesized in agarose by a reverse transcriptase reaction (31) .
Gel electrophoresis. Both OFAGE (orthogonal field alternation gel electrophoresis [8] ) and CHEF (contour-clamped homogeneous field electrophoresis [10] ) systems were used. OFAGE was preferred for Southern blot analysis because in our hands it gave sharper band resolution. Both systems used 1% agarose gels in 0.5x TBE (31) buffer at 0.5 to 5°C. OFAGE gels were run at 280 V for 12 h with pulse times ranging from 1 to 36 s, depending on the resolution range desired. CHEF gels were run at 195 V for 24 h with pulse times ranging from 6 to 80 s. Conventional gels (1.0% agarose) were run in TAE (31) . Size standards for OFAGE and CHEF gels were lambda DNA concatemers generated in a standard ligation reaction (31) . A 1-kilobase (kb) ladder and lambda DNA digested with Hindlll (both from Bethesda Research Laboratories, Inc., Gaithersburg, Md.) were also used as size standards.
Most mapping was done by hybridizing gel-purified genomic restriction fragments, generated by one of the five restriction enzymes used, to sets of four Nytran filters mended by the supplier. DNAs were labeled by the randomoligonucleotide priming method (13) . Most genomic DNA fragments were labeled directly in agarose, but some small fragments were first concentrated by using GeneClean (BiolOl).
Transformational mapping. To map antibiotic resistance genes, bands containing the restriction fragments of strain MAP7 were excised from a low-melting-point agarose gel under long-wave UV illumination. The gel slices were melted at 65°C, and 2 ,ul was added to 0.2 ml of competent KW20 cells. After 30 min of incubation, 2 ml of sBHI was added, and the cells were grown for 1 h before dilution and plating with and without the antibiotic to be mapped. RESULTS (27) demonstrated that the four restriction enzymes ApaI (5'-GGGCCC), EagI (5'-CGGCCG), NaeI (5'-GCCGGC), and SmaI (5'-CCCGGG) cut the DNA of H. influenzae Rd KW22 into restriction fragments suitable for mapping. Subsequently, we found that RsrII (5'-CGG'CCG) cuts KW22 DNA at only four sites. We have now determined, by using both OFAGE and CHEF separation systems, the sizes of all restriction fragments generated by these enzymes; our current best estimates are given in Table 2 . Except for several new small NaeI fragments, only minor size changes have been made from the previously published values (27) . Reconstruction experiments with HindIII-digested lambda DNA indicated that in our gels, we could reliably detect a band containing 0.5 ng of a 500-base-pair (bp) fragment (equivalent to a single-copy band from 2 ,ug of H. influenzae genomic DNA). Since we ran 5 ,ug of DNA in our conventional gels, we are fairly confident that we have (27) Oi,pkb; Fig. 2A , lanes 1, 3, and 5). Densitometer scanning indicated that these bands each contained three or possibly four times as much DNA as expected for single-copy fragments. This can be seen by comparing the intensities of the ApaI bands T and U in Fig. 2A with that of the single-copy ApaI band S above them. We therefore thought that the DNA in these bands might come from within two repetitive elements in the genome. The hybridizations described below showed that these bands were derived from the six copies of the rRNA operon present in H. influenzae.
Lee and Smith
Southern analysis using the filter sets described in Materials and Methods initially demonstrated that the ApaI and EagI multiple-copy fragments (ApaI-T and -U and EagI-Z and -AA) all had sequences in common. When each fragment was used as a probe, it hybridized strongly to all four bands. Three further observations led us to preliminary maps of the repeated sequences in these bands. (i) ApaI-T and -U probes each hybridized with equal intensity to both ApaI-T and -U. Similarly, the EagI-Z and -AA probes each hybridized equally to both EagI-Z and -AA. This suggested that the pairs of fragments were almost entirely homologous. (ii) The ApaI-T and -U probes hybridized to many different bands in NaeI and SmaI digests but only to the multicopy bands in ApaI and EagI digests. This suggested that the ApaI fragments T and U were internal subfragments of the EagI fragments Z and AA. (iii) All four of the multicopy probes gave the same pattern of hybridization to NaeI and SmaI digests. In the SmaI digest, each hybridized strongly to the C, G, J, K, L, and M bands and weakly to the A, H, I, N, and 0 bands. Unlike the ApaI multicopy probes, which hybridized only to the multicopy bands in EagI digests, the EagI-Z and -AA probes hybridized weakly to five or six additional, single-copy bands in ApaI digests (C,
FIG. 2. (A)
Small multiple-copy fragments containing rRNA sequences. Lanes: 1, 3, and 5, ethidium-stained gel; 2, 4, and 6, Southern blot hybridized with 32P-labeled cDNA to 23S rRNA; 1 and 2, ApaI; 3 and 4, EagI; 5 and 6, SacIl. (B and C) Demonstration that 23S cDNA and a subfragment of the repeated element hybridize to the same fragments. (B) 2.6-kb NaeI-SmaI genomic subfragment probe (see Fig. 3 ); (C) 23S cDNA probe. Lanes: 1, ApaI; 2, EagI; 3, NaeI; 4, SmaI. The OFAGE gels used in panels B and C were not identical; each was run for approximately 12 h with a 3-s pulse. ApaI bands detected by the probes are labeled on the left; SmaI bands are labeled on the right. and S). These observations suggested that the ApaI fragments T and U (1.75 and 1.5 kb) and the EagI fragments Z and AA (3.35 and 3.1 kb) might be derived from copies of a single type of repetitive element that was present in two size classes, one 0.25 kb bigger than the other. The elements would contain two ApaI sites internal to two EagI sites, and the 0.25-kb length polymorphism would be internal to the ApaI sites. Southern blot analysis of the small fragments produced by double digestions confirmed this hypothesis, giving the more detailed map shown in Fig. 3 .
The concentration of G+C-rich restriction sites in these repeated elements relative to the H. influenzae genome, which is only 37% G+C (40) , suggested that these elements might be rRNA operons. This was confirmed by probing with an E. coli rrnB plasmid (6) identified as containing the repeated elements. Examples of probing with 23S cDNA and with the 2.65-kb NaeI-SmaI subfragment of the repeated element (gel purified from total genomic DNA) are shown in Fig. 2 . The 23S cDNA hybridized strongly to the ApaI, EagI, and SacII multicopy bands ( Fig. 2A, lanes 2 , 4, and 6), to ApaI fragments C, E, K, O/P, and S, and to SmaI fragments C, G, J, K, L, and M (Fig. 2B ).
(Only some of these bands are resolved in Fig. 2 .) These were the same fragments detected by the 2.65-kb genomic subfragment (Fig. 2B) . The 16S cDNA probe similarly hybridized to the ApaI and EagI multicopy bands, to ApaI fragments A, E, H, I, and L, weakly to SmaI fragments C, G, J, K, L, and M, and strongly to SmaI fragments A, H, I, K, N, and 0. These are the same fragments detected by the 0.4-kb ApaI-SmaI subfragment of the repeated element. This analysis also indicated that there were six copies of the rRNA operons in the genome. We have mapped these loci (Fig. 4) and named them rrnA, rrnB, etc., in clockwise order around the genome.
We also examined the rDNA fragments of the clinical H. influenzae isolates by probing with the 16S and 23S cDNA probes from KW22 (data not shown). When digested with EagI and SacII, all isolates gave small pairs of intensely hybridizing bands separated by 250 bp. The bands of serotypes a, f, and d were of the same size as those of KW22; the bands of serotypes b and c were about 200 bp larger. When cut with ApaI, only serotypes b and d showed pairs of small bands (1.75 and 1.5 kb). The other serotypes therefore appear to lack at least one of the ApaI sites present in Rd.
Mapping with RsrII. RsrII was the only restriction enzyme we found that cut the genome into a workable number of fragments (s35) but did not cut in the rrn operons. Because ApaI, EagI, NaeI, and SmaI cut in the ribosomal repeats, analysis using only these enzymes would have led to restriction maps of six segments bounded by the ribosomal operons but could not have established the relationships between the segments. RsrII therefore provided an essential tool for constructing a restriction map of the genome. In Fig. 4 ations of fragment sizes. When fitting the fragments onto the map in Fig. 4 , we have allowed for errors of up to 5% in our fragment size estimations; therefore, similar uncertainties may be associated with the positions of the restriction sites that flank each fragment. Several factors had to be taken into account when mapping very large restriction fragments. Because the largest fragments suffered the most from random breakage (compare the intensities of the large and small fragments in Fig.  1) , the relative intensities of hybridization of large and small fragments did not always reflect the relative length of homology with the probe. Specifically, a probe that hybridized more strongly to the smaller of two fragments did not necessarily have more homology to that fragment. Another consequence of random degradation (and possibly of gradual release of DNA fragments trapped in the wells) was that gel-purified genomic fragment probes usually contained small amounts of randomly broken DNA from the rest of the chromosome and therefore hybridized faintly to all fragments. Although this background hybridization prevented us from detecting any very short overlaps, it did allow us to make more reliable fragment identifications in Southern blots by examining overexposed films. We anticipated that the presence of the rrn operons identified above on fragments used as probes could confound our Southern analysis, so we probed a filter of an RsrII digest with the 3.8-kb SacII fragment (see Fig. 2 (Fig. 4C) . At the right end of RsrII-D, ApaI-A hybridized to SmaI-N and -A, and SmaI-N hybridized to ApaI-A and to other bands containing 16S rDNA. SmaI-K and ApaI-O/P hybridized strongly to each other and weakly to all other rDNA-containing fragments (ApaI-O/P also hybridized strongly to SmaI-C). ApaI-J hybridized to SmaI-I and -J, and SmaI-I hybridized to ApaI-L and -J and to the other bands containing 16S rDNA. SmaI-J hybridized to ApaI-J and 23S-containing bands, and ApaI-L hybridized to SmaI-I and 16S-containing bands. The order of SmaI fragments (G-K-I-J-N rather than G-I-J-K-N) was determined by analysis of SmaI partial digests; a 55-kb partial-digestion fragment hybridizing to SmaI-K was diagnostic for this orientation. We were unable to map ApaI-S by Southern analysis; it is only 2.9 kb long and hybridized more or less equally to all bands containing 23S rDNA. We have placed it to the right of ApaI-J, which is on the 23S side of the ApaI sites in rrnF but does not appear to contain the expected 23S sequences.
Placement of genetic markers on the restriction map. We used Southern hybridization to the filter sets to place a number of cloned genes on the restriction map. The probes used and the fragments they hybridized to are listed in Table  3 . The map positions indicated by this analysis are shown below the restriction maps in Fig. 4 . We have placed the cloned rec gene (la) at rrnA because it contains 16S rRNA sequences and the corresponding EcoRI and SaclI restriction sites (Fig. 3) .
We also mapped six antibiotic resistance genes by transformation with gel-purified restriction fragments of the multiple-antibiotic-resistant strain MAP7 (an erythromycin-sensitive derivative of MAP [9] ). The antibiotic-sensitive strain KW20 was transformed with each of the SmaI fragments of MAP7. For each marker, a single fragment gave a high frequency of antibiotic-resistant transformants. These SmaI fragments all contained ApaI sites, so the positions of the resistance genes were narrowed by transformation of KW20 with the corresponding ApaI fragments of MAP7. The fragments carrying these resistance genes are listed in Table 3 , and the resulting map positions are shown below the restriction maps in Fig. 4 .
The attachment site for the 32-kb H. influenzae bacteriophage HP1 (15) The SmaI patterns of L-10 and KW20 are shown in lanes 1 and 2 of Fig. 5 ; the novel 105-kb L-10 band is labeled G'.
Strain BC200 is an Rd derivative that has been widely used because it does not express the defective prophage seen in other Rd strains (3). We examined its ApaI, EagI, and SmaI patterns, expecting to be able to map a site of prophage excision by identifying fragments whose sizes had decreased. However, we found that the BC200 genome was larger rather than smaller than that of other Rd strains. Lane 3 of Fig. 5 shows a SmaI digest of BC200 DNA. Comparison with a digest of KW20 DNA (lane 2) shows that fragment D (220 kb) is missing, fragment P (6.2 kb) is of double intensity, and there are two new fragments of 245 kb (B', between B and C) and 14 kb (M', just above N). In RsrII digests, fragment C was increased from 420 to 465 kb; in ApaI digests, fragment B (290 kb) was missing, fragment R was of double intensity, and there were two new fragments of 240 (C') and 75 (I') kb (not shown).
Southern blot analysis (not shown) suggested that BC200 carries the inverted duplication shown in Fig. 6 . The doubleintensity SmaI-P and ApaI-R bands of BC200 hybridized only to SmaI-P and ApaI-R sequences, respectively, in both BC200 and KW22 DNAs, which suggested that the 43-kb DNA segment containing these fragments was duplicated in BC200. In SmaI digests, the BC200 B' fragment hybridized to the B' and C fragments of BC200 and to the C and D fragments of KW22; M' hybridized only to itself in BC200 digests and only to fragment D in KW22 digests. The KW22 ApaI-B fragment hybridized to BC200 ApaI bands of 240 (C or C') and 75 (I or I') kb and to BC200 SmaI fragments B' and N' (as well as faintly to the expected SmaI fragments C, F, and P). The new BC200 Apal fragments (C' and I') could not be separated from fragments C and I, so their hybridization patterns were more complex; however, all of the hybridization results were consistent with the inverted duplication shown in Fig. 6 (21) . The number of copies of the rRNA operons does not correlate well with genome size (for example, the ratio in H. influenzae is more than twice that in E. coli) but has been suggested to be directly related to generation time (14) . In rich medium, H. infliuenzae has a generation time of 29 min, compared with 20 min for E. coli.
The chromosomal locations of rRNA operons have been mapped in only a few bacterial species (B. subtilis [23] , E. coli [11] , and S. typhimurium [28] (29) . tRNAI"e and tRNAAla also are found in the spacer of C. crescentus (14) and in the chloroplast rRNA operon spacers of Zea mays, Euglena gracilis, and Nicotiana tabacum (24, 25, 46) . We expect that they will also be found in the large copies of the H. influenzae rRNA operons.
In E. coli and B. siubtilis, transcription of the ribosomal operons is directly away from the origin of chromosomal replication (11, 23) ; this is thought to minimize collisions between DNA and RNA polymerases (7). The six H. influenzae operons are all transcribed away from a common region (Fig. 7) , so the origin of replication may be found between rrnF and rrnA.
Our experience with restriction sites in the rRNA operons should provide a caution to others attempting to develop restriction maps of bacterial genomes. It Our hybridizations did not detect any repeated elements other than the rrn operons, but the sensitivity was limited because the restriction fragments isolated from genomic DNA contained small amounts of total DNA. We might not have detected multiple copies of short sequences such as insertion elements, especially if they were present only in the large fragments.
This map is the first complete map of the H. influenzae genome; like the maps for other bacteria, it is circular (Fig.  7) . How does our placement of genetic markers compare with the previously reported partial maps of H. influenzae Rd (19, 34, 41, 45) ? str, nov, and kan are closely linked genetically and in our map (all on SmaI-A and ApaI-I), and the gene order (str, nov, kan)-spc-nal-vio is also in agreement with published maps. However, we place the HP1 attachment site between vio and (str, nov, kan) rather than between nal and vio (45). Michalka and Goodgal estimated the physical distances separating loci by the dependence of cotransformation frequencies on the size of sheared preparations of transforming DNA (34) . By this technique, kan and nal were estimated to be about 450 kb apart. We place kan between positions 250 and 330 and nal between 950 and 1050, giving a minimum separation of more than 600 kb. If the same relationship holds over the entire map of Michalka and Goodgal, the map should span about half of the H. influenzae Rd genome.
The map presented here will greatly enhance capabilities for both physical and genetic analyses of the H. influenzae genome. To further improve its physical resolution, we are completing the map of EagI and NaeI fragments and hope to develop a set of mapped cosmid clones covering the entire genome. We are also mapping more cloned genes by Southern hybridization. Even with a detailed restriction map, genetic analysis in H. influenzae will still be limited by the small number of selectable markers known. To remedy this, we are preparing and mapping mini-Tn10 insertions around the KW20 genome, using three different mini-TnJOs conferring resistance to kanamycin, tetracycline, and chloramphenicol, respectively (49) . These will then provide many selectable markers distributed around the chromosome, which will be valuable tools for strain construction and genetic analysis.
The map is already providing unexpected information about strains in use. Strain BC200 was thought to be deleted for a defective prophage, but map analysis showed it to carry instead an inverted duplication of 45 kb. Strain BC200 was selected as a UV-resistant survivor after a high dose of UV (2) , and its duplication may be similar to those seen in cryptic lysogens of E. coli, which arise when lambda lysogens are given high doses of UV (38) . We do not know whether the putative prophage genome has been interrupted or deleted by this duplication or whether the lack of prophage expression results from undetectable changes elsewhere in the genome. Because the duplication is in inverted order, it will not readily be lost by recombination. BC200 has been the strain of choice for many studies of repair and recombination; at present, we have no reason to believe that the unsuspected presence of the duplication has affected any conclusions deriving from experiments with it.
